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RESONANCE CONTROL FOR A CW ACCELERATOR*

L. M. Young a~d R. S. Biddle, MS-H817

Los Alamos National Laboratory, Los Alamos, NM 87S45 USA

Abstract

This pa er describes a resonance-control technique
that has L en successful

t
applied to several cw

accelerating structures built y the Loa Alamos National
Laboratory for the National Bureau of Standards and for
the University of Illinois. The tc:hl,ique involves aensin
the rf Keldz in an accelerating structure as well as the $
power feeding into the cavity and, then, using the
measurement to control the reeonant frequency of the
structure by alterin the temperature of the structure.
The temperature of t%e structure is altered by adjusting
tJte temperature of the circulating cooling water. The
techni ue has been ap lied to continuous wave (CW)side.

! tcouple cavities only ut should have applications with
most high-average-power accelerator structures, Some
additional effort would be required for pulsed systems.

Introduction

A resonance-controi technique has been successfully
applied ti several continuous wave (CW) accelerating
structures built b the Los Alttmos National Laboratory

ifor the National ureau of Standards (! NBS)iand for the
University of Illinois.2 The tachni u? ia simple and novel
and, ta the best of our know ed e, has not been

77implemented previously, though no c aim is made with
regard to ita ori~nality. The technique involves sensing
the rf field within an accelerating structura anri using the
measurement to a~ust the resonant fre uency hy altering
the temperature of the structure, ?’he technique is

resented in practical and analytical form, without
eve]o ing the theorj, To date, the technique has been

i “1apphe to cw side-coupled cavities only but should have
a Iicatiorts for most tuned cavities and, with additional
Pe o~, maybe extensible to some I ulsed.mode systems.

The urpose of the resonance-control technique was
to deve o

‘1
a temperature regulation s stem for the

NBS/Los Iamos Raf:etrack Microtron (RA ), an acceler-
ator system consisting cf several accelerating structures,
A single rf ener~tor ISused to ex:ite all the accelerating
structures, %y way of a variable power. splitter arrange.
ment,$ The result is that a than e in the operating

#conditions of one :av{ty has an e ~ct on all cavities,
Ampiitude.control loops ●m u~d to counteract these
effects,

Description

Examining previous work in this area indicated that
neveral different techni ues have been used to regulate

1and match t.iw resonant requency of the cavity a“~ucture
to tha frequancy of the rf source. Most of the structures
have been temperature reguioted; some have additional
festuree such sn mechanical tuners anclhr variable
frequent ex,citition, The @chniques invoive detactin a

r fmiamatc i that has occurred and then taking correc ve
action, Temperature, reflected powtr, and voltage-
stsndin wave ratio (VSWR) have been used to detect

%mismate oe, A rwonanc~-re Iation system that reiies
Yecdel upon tam rature regu ation has diimcult in

‘!r~
h Pr”form n with a igh da ee of precision. The d{ cu ties

with tit r~tachnique aro 1) temperature 1snot the decir~d
parameter, (2) the optimum location for the tempaature
sensin~ is generally not ttvailabia, (3) the optimum

‘Work performed undw the ●uspices ortho U S Dcpartmont of Erwrgy
●nd supported by tho National 91wccc Foundation

location may not be constant for all operating mode?, and
(4) temperature sensors are generally not Sufliclently
sensitive.

The resonance-control system (see Fig. 1) functions
over the full-power range of the structure from zero to
maximum power, When the structure is not powered or
operating at low power, the near-resonance condition is
maintained with tern erature regulation.

Y
When the

structure operates at fu 1power, the resonance condition is
detected directly and is used es the process-control input.
The rocesa-control variable is the temperature of the

rcircu sting cooling water, The reeonance condition is de-
tected by measurin the phase shifl between the rf drive

rand the cavity-fie d signal. When the rf frequency
matches the structure’s natural resonance frequency, the

‘i%
als are in phase. The sign and magnitude of the phase

dl erence, or error, are preserved in the off-resonance
condition and, for small errors, is linear,

I UOO-800 I
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Fig, 1, A slmpllfled dia~am of tho rwxmncwcontrol syotom and the
“truth teble” for the rolsy logic that controls the m.Ipply and reotrlct
VSIVM

The control ●lgorithm Is implemental with two over-
Iappin control zones, aach coverin a iimited range of

fpower evels, The control algorithm s {m Iemented with
‘fthree saparate control in uta, The contro inputs are tht

t’temperature of the circu sting water, the rf power in the
structure, and the base difference ~tween the structurerfield and the rf dr ve, To achieve a omooth or bumpless
tranafer, the control in uta ●re combined in an adder

Ycircuit with differant @arm Zone 1 covers the rf power
from off to low rf power levels, Zone 2 dominatea when the
structure is operatln fkom intermediate power levels to

Ymaximum power Iave 9,
In Zone 1, the temperature of the circulating water 10

the dominant procaae.controi input, The structures are
dosi~ed to resona~ naturaliy at th~ deeired operating
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frequency at an above-ambient temperature. The
structure must be heated in this condition. The structure
is heated by closing the cooling-water supply valve, see
Fig. 2, md allowing a 100% recirculation of the water

I dTHCRMIST
I

I rf POWER T
Fig. 2 A typical recirculding.water cooling system used with the
roeonance-control eyetem.

Js stem. The pump aetwes SISthe heat source for heating
e water. In this condition, heat is being transferred into

the strwture. Therefore, the temperature of the circu-
lating water must be above the normal temperature. The
temperature of the circulating water is meaeured uein a
linear themnimor attached to the copper tubin of

K $ereturn. watew manifold, The resonance contro er wtll
re law the water temperature baaed upon an operator-
ra ustable set point and the measured watar temperature.

In Zone 2, the resonance error is the dominant process
control input. A double-balanced mixer (DBM) is used to
sense the resonance condition, and thie ei al is cou led
into the wnrner circuitr

?’
~ geld

A ample ‘f’t e Cav? Theand the excitation aigna are compared m a DB
out ut of the DBM is dependent upon the amplitudes of
botf inputa and the haee angla between them,

f’”
The

excitation signal samp e Mderived from the forward power
with a directional cou Ier in the rf waveguide powering

!the structure. The cav ty.field eample is derived from the
probe inserted into the cavity. In the off-resonance
condition, the DBM output is driven by two terms a

haee.angle term and an amplitude term. Thue, the DhM
L comes a sedtive devicu for measuring the state of the
resonance ●t intennediata- and high. wer levels but

rprovides no information when tho rf la o or very low,
At high power levels, the temperature of tha coding

water can be considerably colder than the temperature set
point, which ie a~ueted for low powm operation, To
prevent the temperature error signal from driving the
cavity off meonance, the field etrength within the
otructure is sampled using a Iow.barr{er Schottky diode
(LBSD) detector operating h the linear region, The
squar~ of thissignalisproportional to the cavity

r
wer

lQVOI,This cavity power signal ie inversely combine with
tho temperature setpoint. The d’ect is that methe power
in the etructure is increased the temperature eet point it
reduced, Thle allowo the DBk output to remain near sero
when the cavity Ison rwmanca,

The sido.coupled otructure h water-cooled, The
intarnal celle am wa~rmoolod ushtg many short parallel
path of relatively small dimension. These channels are
machined into the copper disko ●s a part of the ohaping
opemtion and increase tha eurface area for the circulating
water, The eu ply and return manifolds ●re plumbed so

fthat ttw flow d rectfon through tho structure altmtatm on

adjacent paths. These techniques are used to minimize
an? thermal gradienta ao that the structure operates at a
uniform temperature. The circulation system is
configured as a Iow-maea, high-velocity loop, with O to
100% recirculation capability, The low-mass objective is
nece~ary for fast res onse and should be a primary
consideration during & e design and installation of the
manifolds and pumping station. Constant velocity is
necessary to ensure that the structure is continually and
ade uately cooled and can be realized by equalizing the

ihea losses for the recirculation and full-cooling cases.

The Start-Up Process

The start-u process occurs when the power level in the
Estructures ma es the transition from zero to maximum

power, This transition may be fast, microseconds for
pulsed structures, or reasonably slow, a few minubes for cw
etructurea. The start-up process is a difficult task with
any one-to-one accelerator system of rf sources and
cavities. It is further comphcated when a one-to-one
eorrqmndence does not exist, neither with multiple rf
genemtore on a single cavit nor with multiple cavities on

i’● single generator. Norma ly, the cavitiee are cold at tbe
start of thie process because the syetem has not been
running or because it haa been running with the rf turned
off for some reason. If it has been running at high rower,
the values are a@sted for the ap ropriate amount of

/cooling, The sudden lose of heath mm the rf causes the
structure to quickly cool down be ore the controller can

$’
ma “ust the valvee to the mew conditions.

ecauee the cavities are normally cold at the start-up,
● variable-frequency rf source is used dunn~ the start-u
process. The frequent

7
!is adjuated for nunimum toca

reflected power from al the structure; then the power is
SIOW1increased in ●ll the structures, snd aimu!taneousiy
the L quenc
ftequency.

‘i:i?=mT: ‘sedn;F: ‘7:s;program in one o the control-eyatem computers.
start-u mass normally takes ahout three minutes
fkwn ?o~ to rf fully on when the structures are fully
conditioned.

Theory of Operation

The temperature control chasaie can be subdivided inta

d
SIX m or eectionao Thw sections are in ut signal

[proce ng, eummation, relay ladder logic, sta Ie voltage
reference, process controller, and valve pooition readouts.

Input Signal Pro4mdng

There are four modulee, eee Fig, 1, within the input-
elgrml rooeaaing mctfon.

J
These modules convert the

input gnrnlefrom tha Umperature set point, atructum
temmrature, etructurs flold anuditude, and the resonance
arm}efgnali

Tomporatura At Polnk l%. temperature set-point
fbnctlon la implemented dth an Action Industrie~, Inc.,
A14402.267S Module, A6, This module is a two-input
aununing module, The transfer function ie

VO=K(A+ B),

where A and B are input with a ran e of O b 2 V, K is
5th ●h (nominally 2,6) with a usta Ie zero ‘Ands en,

% ?ltend ~ ie the output voltegu wi +a&V maximum, he
A-input la used m convert the ftont pand’s 10.turn

r
tentiometer voltage into the e uivalent of tern crature

“F), The B-input Is used to mvl e ● bias value ( O*F)for
~ ‘#e e;. of the man.a!contr.lth potentiometer In uti

19 set for 100”F. ● ala
&

ie acljuated to provide
16 mV~F, Thie ●llows e temperature eat point to be
mijmted fhm 40”Fto 140”F,

Struoture Temperature, TIN structutw temperature
Is measured with ● eurface.mount linear thermistor
attachd to the return.water dhtribtttlon manifold, The
thercuhtor output Id conve~d to t temperature valu?



with a Rochester Instrument Systems XSC-1364
Sub&actor Module, A4. The transfer ftmction of thie
module is

VO=(3(KiA-K#+~,

where Aand Barein utawith arangeof 0t02V, K1 and

~=E from O.)* !2.5, K i* the outfmt c&set
“ns ac@tab e from Oto 1.0, (3 is the output ain

● uatable from Oto 4 V, and V is”the output vo tage with
a V maximum. The A-inpu? ie used ta provide a bias
value and the B-input converts the thermistor voltage to a
temperature value, The bias value is required to
compensate for an offset zero value in the therrmst.or, and
b rovide a fail-safe mode where maximum cooling occum
“LIf e thermistor circuit fails. The gain, set ta 2.5, within
the module is used to scale the temperature to 15 mV~F.

Power Compensation. A pickup loop senses the rf
field amplitude within the :avity. The output of the pick-
up loop M connected to a positive-output square-law crys-
tal detector, Hewlett Packard 8470 series ore uivalent, by
way of an attenuator as required. The r?-power-level
signal conditioning is

r
erformed in a Rochester

Instruments Systems SC- 352 Multiplier/Divider, Al.
The transfer function for the module is

VO=%*
where A is the input with a range Ob 2 V, K is the output
gain adjustable from 0.5 to 2.5, and V is the output
voltage with a 5-V maximum. A voltage $ivider network
restricts the input to the module to less than 1 V et the
maximum structure field level, The gain setting required
is heavily dependent u n the structure characteristics

‘t
and must be selected un er o crating conditions. With the
input to the module of 0.5 at maximum power in the
structure, there is a more than 40°F of temperature
setback available.

Phase Error, The phase-error signal is processed
usin a Rochester Instruments Systems SC-1398 Scale

5and ias Module, A2. The transfer function of the module
is

V. =K(A-aO)+d,

where A is the input with a ran e of *0,5 V bipolar, a is
the input offset adjustable ti $ 0.5 V bipolar, K is &e
output ain a ‘ustable from 0.6 to 5, and d is the output

$J?offset a ‘ustab e from Oto 5V,
The base.error signal is derived from an external

DBM, ‘&e DBM output must be terminated into 500 to
function pro

Y
rly, ●nd the termination is supplied within

the chassm he output level is dependent upon the Df3M
selected ●nd the amplitude of the input sl~als. This
module expects to receive ● 2- to 5.mV~ algnal at the
nominal o rating level of the structure in the zero degree

rphase.ehi region. With tbe gain set to 2,5, the resultant
sensitivity is a 1“phase error, ap roximataly equivalent to

fa 1*F eignal at the nomina operating level of the
atructure.

Summation. The proceu control inpuh ●re combined
in a Rochester Instrument S stems XSC.1W4 Module, AS.

hThe tranafer fbnction of the odule is

VO= K(-KIA + K2B + K3C + K4D) ,

where A, B C, and D ●re inpute with a range of Oto 2 V
K, through ~, ●re input eine adjustable from Oto 1,0, ~

\la the out ut gain ar,@ta le fkom0,5 to 2,5, ●nd VOis the
Lout ut wi a range of Oto 10 V.

Fhe manual set point el
Y

al is connected to the
A.Input, The phase-error s gnal ie connected tu the
B4nput, The power compensation signal ia connected to
the C.in ut,

(f
Tho otructure temperature d al is

Pconnects b the D-input, The four inputs ●re inearly
wruned, wtth Indlvldually ●dJuoteble input gaina, inta a

common output signal. The output signal has separate
gain and offaetcontrola.

Process Controller

The process controller is a Honeywell, Inc., UDC 500
Universal Digikl Controller with dual out ut control.

zThe output is configured for proportional an derivative
control with time pro ortioning. Time pro ortioning

!“ ‘[cycles the heatin or coo mg relay on and off wlt the ratio
of on time ta tota c cle time ro ortional to the difference

~ ‘de contro!’ a&orithm and 50% Theof the out ut of
cooling re ay is active when the output of the control
algorithm is greater ‘~an 50%, and the heating rela is
active when the output of the control al orithm is ess
than 50%. ‘8 rThe pro rtional and dl erential (PD)

Yalgorithm in the control er is used to implement an overall
roportional, integral, and differential (PID) control loop.

f he integral function is supplied by the motorized valves,
which retain their position until commanded to move. The

$
roceas controller develops an internal error signal
enved by comparing the input signal with an a~ustable

set-po:nt value. This error signal is used to determine
which output is active and the length of time the output is
on, thereby determining the direction and the amount of
valve motion. Independent gains are provided for the
proportional and derivative terms. The control algorithm
M implemented using a microprocessor with nonvolatile
storage to save the setup parameters,

Relay Ladder Logic

Rela logic is used ta steer the process-controller heat
rand coo commanda to the valve actuators and ta provide

the safety interlocks. Increased coolin is obtained by
opening the SUPPL’{ valve with the h STRICT valve
fully open. When the SUPPLY valve becomes full o en,

idthen more cooling is obtained by closing the RE T CT
valve. Maximum cooling is obtained wher the SUPPLY
valve is fully open and the RESTRICT valve is fully closed.
The heathg case o rates in reverse. A lakhln relay

rcircuit, K5, ia use ti fully o n the RESTRIC~ valve
rwhen power ia applied @ the c assis,

Manual/Automatic Operation

The manual mode of operation disables the output of
the process con~oller and allowa the operator to use the
epringloaded’ toggle switchee to command the valve
positioners, This o tion should be ueed with caution when

#the rf power ie ap led to the structure as it is possible to
restrict the water ow through the structure,
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